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The molecular particle-core model  is  applied to the scattering of  "C  OII  "C.  The model divides 
the  !?C+ 13c  system  into two  "C  cores and  two  valence neutrons.  The valence neutrons are de- 
scribed  with molecular eigenfunctions  of  the symmetric two-center shell  model.  Coupled  channel 
calculations are carried out for the inelastic single and mutual excitation of  the first  ++ state of  "C 
and the neutron transfer to the "C+'4~  system.  The results reproduce the experimental data.  The 
analysis of  the S  matrix shows that the gross structure of  the transfer excitation function is related to 
resonances in the relative motion of  the elastic and transfer channels. 
I.  INTRODUCTION 
Since the discovery of collective nuclear molecules more 
than  26 years ago by  Bromley, Kuehner, and ~lm~vist,' 
there has also been  experimental and theoretical work on 
the problem of the molecular single-particle motion in the 
collision  of  two light  heavy  ions.  For a recent  review  of 
the field See the article of Imanishi and von 0ertzen.l 
Two approaches can be used  to describe the formation 
of  molecular  orbitals  in  light  nucleus-nucleus  collisions. 
The first one, the molecular particle-core model, takes up 
the close relationship of  the molecular idea to the concept 
of  the  two-center  shell  mode~~'~  (TCSM) and  treats  the 
motion  of  the  outermost  bound  nucleons  in  terms  of 
single-particle states of  the TCSM with  a  potential  gen- 
erated  by  all  nucleons.  This model has been  introduced 
by  Park  et  a~.'  and  studied  by  Park  et ~l.,~  Terlecki 
et  al. ,' and Könnecke et al.  In the second approach the 
molecular  orbitals  of  the  nucleons  are described  by  the 
method  of  linear  combinations  of  nuclear  orbitals 
(LCNO).  This  method  and  the  corresponding  reaction 
theory have been originally developed by von Oertzen and 
~örenber~,~  and by  Becker  et a1.I0 and applied, e.g., by 
Imanishi and von 0ertzen2 to the system '>C  + I3c. 
A very interesting system with respect to molecular or- 
bital~  is the I3c  + 13c  system.  Elastic scattering was first 
measured  by  Helb  et al."  up  to  E,.,, =  14  MeV. 
Korotky  et al.12 gave  experimental  data for  the  elastic 
scattering  up  to  E,,,, =35.5  MeV  and  data  for  the 
transfer  reaction  13~(13~,12~)'4~  in  the  energy  range 
E,,,.  =  8-25  MeV.  More  recently,  Balamuth  et  al.  l3 
presented  experimental  differential  cross  sections for the 
single and mutual excitation of the predominantly  excited 
first f + state (E  * =  3.09 MeV) of I3c. 
Korotky  et a1.I2  carried  out  one-step  distorted-wave 
Born  approximation  (DWBA)  calculations  of  the 
differential  cross  section  for  the  transfer  reaction  which 
could  not  reproduce  the  observed  gross  structures  as 
function  of  energy.  In  contrast,  the  calculations  of 
Könnecke et al.'  using the molecular particle-core mod- 
el  showed  better  agreement  with  the  transfer  data. 
Balamuth  et  a1."  claimed  the failure  of  the molecular 
particle-core model, comparing their measured cross sec- 
tion for the mutual excitation of the first ++ state of I3c 
with  the  calculated  one  of  Terlecki  et  The mea- 
sured  cross  section  for  the  mutual  excitation  resulted 
about 25 times smaller than the predicted one.  The cal- 
culations of  Terlecki et  ~1.~  were at that time based  on 
the only available elastic scattering data of Helb et al.  I' 
which went up only to E,,  =  14 MeV.  In this paper we 
will  show  that  a  modified  optical  potential  in  the  en- 
trance I3c  + 13c  channel  leads  to the correct  inelastic 
and transfer cross sections.  Therefore, a shortcoming of 
the  molecular  particle-core  model  can  not  be  main- 
tained, as stated misleadingly by Balamuth et al.  l3 
The aim of  this paper is  a comprehensive study of  the 
scattering of I3c  On  I3c  in the framework of the particle- 
core  model.  In  Sec.  I1  the existent  formulation  of  the 
particle-core m0de1~)~  is extended  to the inclusion of  the 
one-nucleon  transfer  channels.  In Sec.  I11  we  compare 
the results of coupled channel calculations for the inelastic 
excitation  and  neutron  transfer  with  the  experimental 
data.  We  will  show  that  the  transfer  cross  section  is 
mainly caused by  rotational  coupling to the elastic chan- 
nel  which  arises  due to the  molecular  character  of  the 
single-particle wave functions used for the extra nucleons. 
11.  THE MOLECULAR MODEL FOR EXCITATION 
AND TRANSFER 
On  the  basis  of  the  work  of  Park  et al.,'  Terlecki 
et ~1.~  formulated the particle-core  model for the descrip- 
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tion of two colliding I3C nuclei in terms of two "C  cores  two cores and one valence nucleon.  In the following we 
with loosely bound neutrons.  These neutrons can be  ex-  want to point out the modifications  of  the theory  arising 
cited  by  the coupling of the single-particle  motion  to the  from  the  combined  treatment  of  the  excitation  and 
relative motion of the nuclear centers.  Later Park et a1.6  transfer of the valence neutrons. 
considered the nucleon transfer for a system consisting of 
A.  The Hamiltonian 
According to the particle-core  model the system, we consider, consists of  two "C  cores and two extra neutrons, de- 
scribed by  molecular single-particle wave functions.  If s =O  denotes the "C  +  system and s= 1 the '*C +  sys- 
tem, the Hamiltonian for the fragmentation s is assumed to be as 
where 
The Hamiltonian (1) is  written  with respecl  tu  a rotating 
coordinate system,  denoted  by  dashed  coordinates,  with 
the z'  axis in the direction  of the relative  coordinate R, 
between the nuclei.  The Euler angles d„ B,  (spherical po- 
lar  angles  of  R,), and  dl,  (superfluous  and  unphysical 
third Euler angle) define the coordinate axes of the molec- 
ular system with  respect  to the laboratory system.  The 
single  particle  coordinates  r:,,„  momenta  p:,,,,,,, and 
spins  s:  are referred  to the rotating  coordinate system. 
The coordinates  are measured  with  respect  to  the total 
Center of mass.  The numbers of nucleons in  the two 11u- 
clei are A Y'  and  A 2' with  A  :I+  A  =  A  and the num- 
bers  of  extra particles  N;"  and N?  with ,V\"  +:Y:'  =N, 
where N  is  2  in the case  of  the Systems  ''C  + "C  and 
12c  + I4c.  The reduced  mass  in  the fragmentation  .F  is 
denoted by p, and the nucleon mass by M. 
The operator of  the kinetic  energy  consists of  thc cx- 
pression (la)  and the kinetic energies of the extra niicleons 
in Hs.,,  (ld). It can be derived with a canonical transfor- 
mation  of the coordinates and momenta leadiilg from the 
laboratory  system  to  the  rotating  system.  as  shown  in 
Refs. 6 and 7.  The expression (la)  contains the radial and 
angular  momentum  parts  (first  and  second  terms)  and 
correction  terms due to the center-of-mass motiori  of  the 
extra nucleons.  The radial and angular momentum parts 
lead  to the radial  and  rotational  couplings  between  the 
different channels in the coupled equations (see Sec. I1  C). 
The operator D,  appearing in the radial term arid giveri  in 
Eq. (1  bl ensures that for large separations of the nuclei the 
radial kinetic energy caiinot induce any transitions in  the 
nuclei.  The rotational kinetic energy in  Eq. (la)  contains 
the total angular momentum operator I depending on the 
Eulerian  angles and the angular momentunl Operators J, 
of the extra particles measured with respect to the centers 
of the individual nuclei.  The operator J, is defined in Eq. 
(lc).  The  third  and  fourth  ternls  in  Eq.  (la) will  be 
neglected  because  the number N=2 of  extra  nucleons  is 
small compared to the number of nucleons of the cores. 
The  Hamiltonian  !  1)  contains  an  optical  potential 
U, +  iW,  which depends on the relative coordinate.  This 
complex  potential  should  describe  the  mean  interaction 
between  the  nuclei  in  the  fragmentation  s.  Besides  the 
very restricted number of reaction channels considered ex- 
plicitly  in this work, many other channels contribute dur- 
ing  a  collision.  For an averaged  description  of  all  these 
channels which are not explicitly taken into account, one 
can use optical  potentials describing the elastic scattering 
of  "C  on "C  and of  '"  on  I4c.  In the calculations we 
have taken the elastic "C  + "C  optical potential for both 
fragnientations and added the experimental Q value to the 
potential in the case of the "C  + 14c  fragmentation. 
In the TCSM  Hamiltonian  (ld)  for the extra nucleons 
we subtract the R,-deperident  energy  of the ground state 
of  the valence  neutrons because the excitation energy  of 
these  nucleons  is  measured  with  respect  to the real  part 
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sarne TCSM for both fragmentations s =O  and 1 with the 
two-center  potential  of  13c  + I3c.  We  assume that  the 
extra nucleons  move  in  the mean  field  generated  by  all 
nucleons.  The residual interaction  V„, between the extra 
nucleons  is only accounted  for in the extent that we  use 
the experimental asymptotic Q value of  Q=  3.23 MeV in 
the transfer fragrnentation. 
B.  The wave functions 
For the wave functions solving the stationary scattering 
problern we take the ansatz of Ref. 5, namely 
The wave functions R„/jI(R,  describe the radial relative 
rnotion of the colliding nuclei and depend on the fragmen- 
tation s and the quantum  nurnbers  of  the total  angular 
momenturn  I, the  orbital  angular  momentum  1 and the 
channel spin J.  With a we denote the various  rnolecular 
single-particle  configurations described  by  the wave  func- 
tions @„J.  Since we  restrict this study to unexcited  "C 
cores, we do not explicitly write down their intrinsic wave 
functions.  The wave functions @„J  depend on the coor- 
dinates of  the two valence  neutrons and the relative dis- 
tance R,.  The operator A  i 1,2  antisymmetrizes the wave 
function  for  the exchange  of  the two  valence  neutrons. 
The wave  function  is  symrnetric with  respect  to the ex- 
change of the I2c  cores. 
The transformation of the wave function @„J  to the ro- 
tating coordinate system is given via the relationI4 
This leads to 
where 
A  factor 12~)-"~  is  included  in  Eq.  (4) in  order to ac- 
Count  for the integration  over the irrelevant  Euler angle 
$,  in all rnatrix elements.  The effect of the antisyrnrnetri- 
zation  operator 34 (1,2) on  the relative  coordinate R,  is 
srnall and, therefore, neglected  in  Eq.  (4) by  commuting 
.A(1,2)  with  the Rs-dependent factors  of  the wave  func- 
tion (2). 
The functions $saiJiM  are built up by ortho-norrnalized 
single-particle  wave  functions  +hijlm (r;,  ,,  ,*R,  /2)  cen- 
tered about z' =  +R, /2,  namely 
with  the  abbreviations  ai={h;ij;)j, a={al,a2).  The 
single-particle spins are only good  quantum nurnbers  for 
large  separations  which  is  indicated  by  the  parentheses 
around j and J.  With  h  we  denote the other quanturn 
nurnbers of the occupied  single-particle states.  The func- 
tions  are the eigenfunctions of the Hamiltonian ild) 
when  the  asyrnmetric  TCSM  is  applied.  Since  in  this 
work we  use  the symmetric TCSM, we  have to combine 
the  eigensolutions  Xg  and  XU  of  the  symmetnc TCSM 
Harniltonian  with even  (g)  and odd  (U)  parities  in  order 
that  the  basis  functions  are  centered  at  the  individual 
centers for large separations: 
The phases of the wave functions Xg and X"  are chosen by 
the condition that Xg  and X"  becorne equal for R -+  W  and 
zl>  0.  The phase  factor  i -  1  )'U  in  equation  i7b) is  the 
parity  of  the  asymptotic  single-particle  wave  function 
&hij)m irr,&  RS/2j  with  respect  to  the  centers  at 
z'= f  Rs/2.  Here,  1,  denotes  the  asymptotic  quantum 
nurnber of the orbital angular rnomenturn (For further de- 
tails see Ref. 7.). 
The wave  function  consists of  four parts, namely 
the direct terms and terms generated by  the exchange of 
the identical "C cores and the antisymmetrization of the 
extra particles.  This leads to the following expression for 
the intrinsic wave function derived  by  the methods given 
in Refs. 6 and 7: 
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C.  The coupled equations 
The coupled equations  are obtained by  projection  of  the stationary  Schrödinger equation Hq=E\V on the channel 
wave functions.  Since the Hamiltonian (1)  and the wave functions (2)  depend on the fragrnentation s we proceed in the 
sarne way as suggested in Ref. 6.  At first we divide the wave function with respect to the fragmentation 
where 
Then the projection yields for a given total angular momentum I the following system of coupled equations for the radial 
functions: 
where s =O  or 1 and F#s.  The matrix elements are Operators and obtained as 
where H(s,R,)  is the Hamiltonian (1). Since we neglect the recoil effects in the following, i.e., the differences in the coor- 
dinates R, =o and Rs=,,  which  are small, we can  Set  R,  ,o=R,  =R.  In this case the radial wave function  u~,,~,,  in 
Eq. (13b)  can be traced out of the integral.  The matrix elements are not Hermitian if we disregard the recoil effects and 
the third  and fourth terms of  the kinetic energy  (la). In order to ensure the Hermitian properties of the coupled equa- 
tions (12) (besides the imaginary potentials  W,), we add the Hermitian conjugated terms in  Eqs. (13a) and (13b). In this 
connection the Hamiltonian in Eq. (13b)  has to be replaced by the average over s =O  and 1 (for details see Ref. 6): 
The matrix elements ( 13a) are given by 
+ 2 
( -  1  )/ - /'+.W"-.W'  1  (IM'J-M'  I 10)(IM"J1-M"  1'0)  (s)+ -  2p,yR  2 cg\~,~':~,  (s) 
,M',MM 
(15) 
with 
In the transfer rnatrix elements (13b) the Hamiltonian H(s,R,)  is replaced by the expression (14). They are obtained as 36  -  INELASTIC EXCITATION AND NEUTRON TRANSFER IN THE . 
Inserting (15) and (19) into (12) and multiplying (12) by  2ps/fi2 we note that the resulting System of coupled equations is 
not exactly-but  in  good  approximation-Hermitian  because  the ratio of  the reduced  masses po/pl appearing in  the 
transfer terms (19) is not exactly  1 (po/pi  =  1.006). 
The evaluation of the radial coupling matrix elements (17) results in the following expressions 
Here we used the following relations in constructing the matrix elements (20a)  and (20b)  as Hermitian 
(&~<sj(1,2,R)  Do  a>KA,<,0(1,2,R))+(6!{,)(1,2,R)  Do  &~,,„(1,2,R))=2(6~(~i(1,2,R)  D0  i&~,,~,j(l,2,R))  , 
(21a) 
(GK(S)(~,~,R)  D1 &i,<s*>(1,2,~))+(&!~„(1,2,~)  DI  6~,(,,i(l,2,R))=2(&~(,1(1,2,~)  DI 6K,lp,j<1,2,R))  . 
(2  1  b) 
The matrix elements (20a)  and (20b)  can be rearranged into two terms which are individually Hermitian 
C~S~,K'(~'~(S'~)=  AK(~),K'(,,~(S"  )+BK(~),K'(~~~(~"  (22) 
with 
and 
If  we  restrict  our considerations  only  to the elastic and inelastic  I"  + I3c  channels, these  equations  reduce to those 
given in Ref. 7 because in this case the following matrix elements of the operators D.  or a/aR  vanish: 652  THIEL, GREINER, PARK, AND SCHEID  36 
The radial transfer matrix elements of the Operators D,  and a/aR between  single-particle states located at different nu- 
clear Centers approach Zero at large relative distances when the same TCSM is used for both fragmentations. 
The rotational matrix elements can be reduced into the form 
We note that 
-  2fiV18~'M"(  6 ;41'  JZ,"  Q>  ) +  ,.M,, ( 6 i.M,  Jf,,  ,  & 2  ) 
lim  J?&~,>  =4i2J(J+ 1)6~~~)M  . 
R-r 
In the actual calculations of the matrix elements (26) the 
orbital  angular momentum part  of  the Operator J, is  re- 
placed by expressions used  in the TCSM for the diagonal- 
ization of the spin-orbit coupling and l2  terms isee Ref. 7). 
Since  these TCSM matrix  elements  are already  properly 
symmetrized,  the  matrix  elements  (26) are  obtained  as 
Hermitian. 
111.  APPLICATION T0  THE "C+  "C  SCATTERING 
For the application  of the particle-core model  we have 
selected the I3c  + 13c  system.  Here we consider the elas- 
tic and inelastic scattering and the neutron transfer to the 
12c  +  system.  The "C  nucleus is described by  a  "C 
core and a neutron and the  nucleus by  the Same core 
with two neutrons.  The neutron occupies  the  1pl,,  state 
in the "C  ground state.  As inelastic channels we take the 
single and mutual excitation of the first +'  state of 'k  at 
E*  =  3.09  MeV which is connected by  a strong E1  transi- 
tion with the ground state.  The first t - state of 'k  can 
be described by  the excitation of the neutron to the 2sl,2 
state.  The  transfer  channel  is  assumed  as  the  g.s.-g.s. 
configuration  of the  "C  + 'V  system.  The ground  state 
of  "C  consists of  a 'k  core with two neutrons bound in 
the lp  state and coupled to spin Zero.  First we specify 
the  diagonal  optical  potential  and the  parameters  of  the 
TCSM  for  the  description  of  the  valence  neutrons  in 
terms  of  molecular  TCSM  wave  functions.  Then  \ve 
present the results of the coupled channel calculations. 
A.  The optical potential 
As optical  potential  we  use  that  obtained  by  Korotky 
et al.I2  which  they  applied  to  describe  the  measured 
13c  + I3c  elastic cross section as function of the incident 
energy (excitation function).  Analyzing the optical model 
calculation  these  authors showed  that  the gross structure 
of  the calculated  elastic  excitation function  could  also be 
generated by  the barrier top model of Friedman and Goe- 
bel.15  In this model  a  barrier of  the  real  potential  with 
strong absorption behind it leads to the occurrence of bar- 
rier resonances closely related to the classical notion of or- 
biting.  This interpretation of  I3c  + I3c  elastic scattering 
gross structure in terms of an orbiting phenomenon is also 
found in the heavier system 28~i  +  28 Si.  '  l6 
B.  The TCSM for the valence neutrons 
and the coupling potentials 
As in the paper of Terlecki er  a1. ,' the valence neutrons 
are described  as asymptotically  occupying  the  1pl/'  and 
2s  l2  levels.  Ths 2sl  level of  ''C  lies energetically below 
the  ldsIz  level.  The TCSM parameters were adjusted in 
order  that  they  reproduce  these  single particle  states  of 
"C  near  the  Fermi level  at large  internuclear distances. 
We  Set  the  TCSM  parameters  &I,  =  6.95  MeV, 
K,  =0.127,  ,U= =  0.479,  which are the Same as used  by 
Terlecki  et al.'  The  neck  parameter  of  the  TCSM," 
which defines the ratio of  the barrier height  of  the actual 
TCSM potential  to that  of  the two-center  oscillator, was 
set to E=  I.  Therefore, the two fragments have spherical 
sudden 
FIG.  1.  The TCSM  level  diagram for  neutron  states of  the 
system  ''C + ''C-.''M~.  The level diagram is  calculated in the 
sudden  approximation  with  the  parameters  &=6.95  MeV, 
~=0.127,  F= -0.479,  and  E=  1.  It  is used  in  both  fragmenta- 
tions.  In the actual calculations we  consider the  lpj,~  and 2~1,: 
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FIG. 2.  Contour plots of the density distribution of a neutron, 
centered asymptotically  at the core at the right hand side and oc- 
cupying the  Ipi,,l  and 2si,,l  level, for the internuclear distances 
R=19.64,  10.94,  and  6.22  fm.  The  equi-density  curves  are 
shown in the (p1,z'i  plane [p'=(x'2+y")'/2]. 
shapes ("sharp"  barrier) for all relative distances. 
The TCSM calculations were carried out in the sudden 
approximation, i.e.,  the parameters fk,  K, ,U,  and E  were 
assurned as independent of R.  We note that the resulting 
cross  sections  remained  unchanged  when  we  used  the 
TCSM in the adiabatic approximation with a value of the 
neck  Parameter  of  ~=0.85.  This independence  on  the 
type  of  the approximation proves  that  the relevant  cou- 
plings occur for relative distances where the overlap of the 
collision partners is small. 
Figure  1  shows  the TCSM level  diagram  of  neutron 
states for the system I3c  i-  13~-26~g.  AS expected this 
symrnetric system has no pronounced avoided level cross- 
ings  as  one  observes  them  for  exarnple  in  the 
13c  + 160-+29~i  system  (Park et al.").  In  Fig.  2  we 
show the density  of  the molecular  wave function  dLiji, 
(see  Sec.  I1 B) of  the  IP,,~ and  2sl/,  states  for  three 
different  internuclear  distances.  One  recognizes  the in- 
creasing polarization of the lp  and 2s  orbits with de- 
creasing distance between the nuclei. 
With  the wave  functions  of  the rnolecular  lpl,z  and 
2s1/2 states we calculated the coupling potentials (23) and 
(26).  The coupling potentials (24) were neglected  in this 
work.  Fieure 3 shows some selected radial and rotational 
U 
matrix  elements  for  transfer.  The  polarization  of  the 
wave functions of the extra nucleons leads to a direct ro- 
tational  coupling between  the elastic and  transfer chan- 
nels.  The rotational transfer  matrix  elements  vanish  for 
large relative distances because the wave functions have a 
good  spin there [cornpare the inset  of Fig.  3(b) with Fig. 
21.  The  rotational  coupling  between  the  elastic  arid 
transfer channels shown in Fig.  3(c) is  stronger for odd 
partial  waves  than for even  ones.  As we will  discuss in 
Sec.  111 D,  the rotational  coupling  is  rnainly  responsible 
for the feeding of the transfer channels since this coupling 
is stronger at large relative distances than the radial cou- 
pling. 
C.  Results of the coupled channel calculations 
In Figs. 4-6  we show the elastic, inelastic and transfer 
excitation  functions,  obtained  by  solving  the  coupled 
(C)  Rototionol Coupling 
FIG.  3.  (a)  The  radial  coupling  matnx  elements 
(&K a/aR  I Q> $)  (dotted  curve),  ( &K  j D0  Q>K.)  (dashed 
curvei,  and  [MK~~(.Y"=O~+M~K~(S"=  1)]/2  (solid  curve)  [see 
Eqs.  (23a)  and  (23b)] between  the  single  inelastic  channel 
K= {s  =0,  (g.s.,  ++),  J=  I,  1 odd)  and  transfer  channel 
K'= (s  =  1, (g.s., g.s.1, J=O, I even j .  (b) The rotational coupling 
matrix elements between the elastic and transfer channels: 
and 
1 
x(+kw+  I  J+ +*M  )(dashed curve) 
with  K=js=O,  (g.s., g.s.1,  J=], loddj and ~'={s=l,  (g.s., 
g.s.1,  J=0, I odd 1, 
(iiiL(&/,w  1 J2  /  (dotted curve) 
?i2 
with  K=  Js=O,(g.s., g.s.1,  J =0,  levenj  and  K'= js=  1,  (g.s. 
g.s.1, J =0, I even 1.  The calculation of  these matrix elements is 
carried out as described after Eq. (27). The inset shows the onset 
of the matnx elements in the surface region.  (C) Rotational cou- 
pling matnx element 
between  the  elastic  and  transfer  channels  for  the  angular  mo- 
menta J,  = O= 1, I=  9 (solid) and J,  =o= 0, I= 10 (dotted curve). '?C + l3c 
ELastic  Scntterinq 
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FIG.  4.  The ratio  to  the  Mott  cross  section  for  the  elastic 
scattenng of  "C  on  "C  at 0,,  =  90" and 80".  The solid curve is 
obtained by  coupled chaiinel calculations.  The coupled channels 
are the elastic one, the single and mutual excitation  of  the first 
- state of  ''C  (E  * =  3.09 MeV), and the neutron transfer  to the 
"C  + I4c  System,  where  the  "C  and  ''C  nuclei  are  in  the 
ground state. 
channel  equations  (12). in  comparison  with  the experi- 
mental  data of  Korotky  er  al.I2 and  Balamuth  et ul." 
The calculations reproduce the main features of the data. 
The  elastic  excitation  functions  shown  in  Fig.  4  for 
8,  ,,  =90"  and 80" differ slightly from the uncoupled opti- 
cal model  calculations of  Korotky  et al.I2  The coupling 
damps some oscillations,  and the first  gross structure of 
FIG. 5.  The differential cross sections for the single and mu- 
tual  excitation of the first 
'  state of  "C  in collisions of  "C  oii 
"C  at 0,,  =90".  The calculated  cross  sections are represented 
by  solid  and  dashed  curves.  The  triangles  are  the  data  of 
Balamuth et  al. (Ref. 13). 
FIG. 6.  The differential transfer  cross section of  the reaction 
"C + 13C4'2~  + 'T  at @;.„  =90".  The calculated cross sectiori 
is  shown  by  the  solid  curve.  The  triangles  connected  by  a 
dashed line are the data of Korotky et 01.  (Ref. 12). 
the  80"  excitation  function  between  10 and  15  MeV  is 
shifted  towards  higher  energies  in  agreement  with  the 
data.  The calculated single and double inelastic cross sec- 
tions shown in Fig. 5  have the right order of magnitude. 
The pronounced structure of the single inelastic excitation 
function can probably be damped out via  the coupling to 
other inelastic channels not considered so far. 
The  theoretical  transfer  excitation  function  shown  in 
13c+13c  QCm=  90' 
lnelastic  Scattering 
-  only radial  coupling 
.  .  .  .  .  .  - .  .  only rotational coupling 
I  Transfer  l3c+I3~  *12~+"~ 
,  , 
FIG. 7.  The 90" excitation functions for the single and mutual 
excitation of the first  - state of  ''C  and the neutron transfer re- 
actian for "C  on  "C.  The solid curves show the results of  cou- 
pled  charinel  calculations  where  only  the  radial  couplings  are 
used.  The dashed curves give the results with only the rotational 
couplings  used.  The  triangles  denote  data  of  Korotky  et  01. 
(Ref. 12) (neutron transfer) and Balamuth et al. (Ref. 13) (inelas- 
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Fig.  6  reveals  the Same oscillatory  behavior  as  the data 
over the considered  range of energies.  This is in contrast 
to the  one-step DWBA calculations  of  Korotky  et a1." 
which  yield  a  transfer  excitation  function  without  an 
energy-dependent  structure.  Figure  7  demonstrates  the 
effects of the radial and rotational coupling terms.  While 
both coupling types are equally irnportant for the inelastic 
channels, the transfer channels are rnainly fed by the rota- 
tional coupling between  the elastic and transfer channels 
as calculations have shown with only these channels. 
In  the  early  calculations  of  Terlecki  et al.,'  it  was 
found however  that the radial coupling was the most  im- 
portant coupling for the inelastic channels.  The difference 
between  the  present  results  and  these  early  calculations 
arises  due to the  fact  that  Terlecki  et al.'  used  a  quite 
different  optical  potential.  The barriers  of  their  effective 
real  potential  were  located  at much  smaller  relative  dis- 
tances (5-6  fm) compared to the barrier  radius  (-8  fm) 
of the real potential used  in this calculation.  The absorp- 
tion of their imaginary potential, adjusted to the radial po- 
sition of the barrier of the real potential, Set in at relative 
distances of 4-5  fm.  Therefore, the radial coupling terms 
which  are larger  at these  radial  distances could  act and 
fed the inelastic channels strongly. 
D.  Analysis of the excitation function for transfer 
In  this  subsection  we  investigate  the  origin  of  the 
energy-dependent structure of the transfer excitation func- 
tion.  We rernind  that two types of  transfer channels are 
present, namely  those with  odd and even  orbital angular 
mornenta  I.  Because of  J=O the orbital angular mornen- 
turn  of  these  channels  is  equal  to  the  total  angular 
rnornentum:  1 =I.  The  two  types  of  transfer  channels 
couple with different strengths to the elastic ones.  The ro- 
tational coupling for odd angular mornenta I arises from 
the  Coriolis  coupling  and  is  large  and  proportiorial  to 
[I(I  +l)]1'2. In contrast  to this  case  the  even  angular 
mornenta I have  a  smaller  rotational  coupling  between 
these  channels, resulting  from  nonvanishing  matrix  ele- 
rnents of the Operator J* [see Figs.  3(b) and 3(c)]. Figure 
l3~+  l3 C +  12C+  ILc 
Transfer Excitation Function 
FIG. 8.  The 90" excitation function for transfer calculated by 
coupling only the elastic and transfer channels.  The solid curve 
is calculated  with  odd  values  of I and the dashed  curve with 
even values of I only.  The inelastic channels are not  considered 
in  this calculation.  The data (triangles) are taken frorn Korotky 
et al. (Ref. 12). 
FIG.  9.  The  absolute  value  of  the  S-matrix  elements 
1 S:la,lici~  =  =U./  -1,  for  angular  momenta of  7-21  fi 
as functions of energy.  The solid and dashed arrows indicate the 
energies  of  the first  virtual resonance  states lying just  above the 
barrier of the corresponding real effective potential of the elastic 
and transfer  channels, respectively.  No absorption  or couplings 
to other channels are included in  the calculation  of the energies 
of the states. 
8  shows  the  90"  excitation  function  for  the  neutron 
transfer obtained from  a coupled channel calculation  us- 
ing  only  the  elastic  and  transfer  channels  with  odd  or 
even  total  angular  mornenta,  respectively.  Comparing 
these results with the excitation function shown in Figs. 6 
and 7 we conclude that the structures are obtained mainly 
due to the partial waves with odd total angular rnomenta. 
Figure  9  shows  the  dominant  S-matrix  elements 
I  ~;lastic  (J=  I,,=,  ),  traiisferiJ=O,  i =Ti  /  fOr  Odd  rno- 
menta from I  =78 to 218.  Partial waves  with  angular 
momenta smaller than  78 do not  rnuch  contribute to the 
transfer cross section as calculations without these partial 
waves have shown.  The solid and dashed arrows in Fig. 9 
8,  ,=  90" 
hrhai  waves with 
--  I=  15,17fi 
.  .  .  .  .  .  . .  .  13.15 h 
FIG. 10.  The 90" transfer cross section calculated by coupling 
the elastic channels to the transfer channels only for two succes- 
sive odd partial waves.  The odd angular momenta are chosen in 
this manner that the corresponding S-matrix elements, shown in 
Fig.  9, have  maxima  and  minima  in  the considered  eiiergy  re- 
gion.  No inelastic channels are included. 656  THIEL, GREINER, PARK, AND SCHEID  3  6 
indicate the energies of the first virtual resonance state ly- 
ing just  above the barriers of  the potentials in  the elastic 
and transfer channels, respectively.  These states were ob- 
tained with effective real potentials which included the di- 
agonal  matrix  elements  (no coupling  to  other  channels 
and  no absorbing  potentials).  The structures  of  the  S- 
matrix elements shown in Fig. 9 are correlated with these 
resonance states.  For the angular momenta  9fi and  I lfi 
we  did not find  virtual  resonances lying near  the top of 
the real potential barriers. 
In  Fig.  10  differential  cross  sections  for  transfer  are 
displayed  which  are calculated  with  two  successive  odd 
partial  waves  only  whose  corresponding  S-matrix  ele- 
ments have structures in the considered energy region (see 
Fig. 9).  It is interesting to note that the superposition of 
two partial  waves  with  successive odd angular momenta 
leads to smaller structures by  a destructive interference in 
the transfer cross section.  From Fig. 10 we conclude that 
each structure of the transfer cross section is produced by 
more  than  one  partial  wave  with  odd  total  angular 
momentum. 
IV.  CONCLUSIONS 
In this paper we  have shown for the 13c  + I3c  system 
that a unified interpretation of the inelastic scattering data 
of  Balamuth et a1.l3 as  well  as  the one-nucleon  transfer 
data of  Korotky  et  al.I2 is  possible  on  the basis  of  the 
dynamical  molecular  particle-core  model.  The only  in- 
gredients are the optical  potential  for 13c  + I3c and the 
parameters  of  the TCSM which are determined by  fitting 
the levels of I3c  about the Fermi level. 
In this model the dominant mechanism for the transfer 
reaction  13~('%,12~)14~  is  directly  connected  with  the 
molecular character of the wave functions of the extra nu- 
cleons.  The polarization  of  the valence  orbitals leads to 
nonvanishing rotational couplings between the elastic and 
transfer channels.  We found that the Coriolis coupling is 
the dominant one due to its dependence on the total angu- 
lar momentum.  The origin of the transfer gross structure 
is traced back  to the interference of successive odd partial 
waves.  The structures of  the corresponding S-matrix ele- 
ments  are  correlated  with  the  occurrence  of  resonance 
states in  the relative motion.  These states lie just  on top 
of the barriers of the real diagonal potential of the elastic 
and transfer channels. 
In the present  calculations  we  neglected  recoil  effects 
and modifications of the relative coordinate due to the an- 
tisymmetrization.  This  procedure  is justified  in  view  of 
the fact that the main contributions of the coupling poten- 
tials come from the surface region  of the optical potential. 
In  the  surface  region  the  overlap  between  the  collision 
Partners is small and, therefore, possible corrections aris- 
ing from these terms should not play an essential role. 
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